This paper reports the experimental tests conducted on a 5-storey benchmark model defined by Samali, using an Active Mass Driver (AMD) system, where the control action is achieved by using Fuzzy Logic controller and UTS state-of-the-art shake table facility. The performance of the Fuzzy controller is checked against Hachinohe 1968 and Northridge 1994 earthquake records as input excitation to the benchmark model. The main advantage of the Fuzzy controller is its inherent robustness and ability to handle any non-linear behaviour of the structure. The results of the experimental tests show the ability of the adopted Fuzzy controller to reduce the building responses for the two earthquake records used.
Introduction
With the increase in size and flexibility of structures, various ways of protecting them against excessive vibrations caused by severe environmental loads such as wind and earthquake loads have been introduced. One of these methods is the Active Control System such as Active Tuned Mass Damper (ATMD) and Active Mass Driver (AMD) systems in order to reduce the effects of earthquakes and winds'!', This paper discusses the third stage of applying UTS. The table can accommodate any model up to 10 tonnes in weight and can reach accelerations of up to 90% of gravity in horizontal direction (when fully loaded) at frequencies in the range of 0.1 to 50 Hz.
In the course of the paper, the experimental model and test set up will be described along with the design of the Fuzzy controller and finally the results will be discussed and analysed.
Experimental Structure
The model used in this study is the benchmark model of 5-storey, 3.6 meters, 2 bays x 1 bay steel frame with plan dimension of 1x 1.5m, designed and manufactured at UTS as shown in Fig. 1 . The total mass of the model is 1 636.5kg. An AMD is placed on the top floor. The AMD consisted of a frame fixed to the 5th floor, a trolley with mass on four wheels as a moving mass, and a high pressure hydraulic system to move the trolley and provide the required force to control the building under excitation. For this experiment, a moving mass of 35.1kg is fixed inside the trolley and attached to the end of the piston rod.
The hydraulic system consists of a hydraulic pump, accumulator, direct drive servo-valve, actuator, and MVDT (magnetic variable differential transformer) as shown in Fig. 2 . The total mass of the structure, including the frame and the AMD is 1 671.6kg. Because hydraulic actuators are inherently open loop unstable, position feedback was employed to stabilise the control actuator. As shown in Fig. 1 , Fig. 1 Experimental setup of the 5-storey benchmark model with AMD system LVDT's (linear variable differential transformer) were mounted rigidly between each floor and a reaction frame. Also, accelerometers were placed on each floor of the structure, on the AMD and on the base to measure the absolute accelerations. Only, the 5th and 4th floor displacement measurements were employed for the purpose of control force determination. Experimental system identification tests were conducted on the model to find its dynamic properties. The five natural frequencies of the model were calculated at 2.95, 9.02, 15.68, 21.26 and 25.23Hz, respectively. The corresponding damping ratios were 0.4, 0.69,0.63,0.20 and 0.14% of critical for the proportional damping matrix. This was achieved by using the shake table and performing swept sine tests, and capturing and analysing resonant frequencies. The five mode shapes associated with the above five frequencies are shown in Fig. 3 .
Fuzzy Controller Design
Fuzzy logic, introduced by Zadeh'", enables the use of linguistic directions as a basis for control. Generally very robust and capable of handling nonlinear systems, FLC usually require expert knowledge in their construction, a mathematical free model approach. The basic structure of a typical FLC is illustrated in Fig. 4 . Various components of this controller are defined as follows:
Fuzzifica tion
This unit maps the measured inputs, which may be in the form of crisp values, into Fuzzy linguistic values using Fuzzy reasoning mechanism.
Knowledge Base
This is a collection of the expert control rules (knowledge) needed to achieve the control goal.
Decision Making
This unit is the Fuzzy reasoning mechanism, which performs various Fuzzy logic operations to infer the control action for a given Fuzzy input.
Defuzzification
The inferred Fuzzy control action is converted into required crisp control value in this unit.
In this paper, the preliminary design of the controller will use Larsen's minimum product rule, to combine the membership values for each rule. with the Table 1 . The self-organising FLC is used to find the final Fuzzy Associative Memory (FAM) and the resulting of 33 rules are shown in Table 2 . The aim of using two input variables for the Fuzzy controller is to show the performance of the Fuzzy approach in the control problem. The small number of feedback variables means the use of fewer sensors; thus a simplification of the control system with advantages in terms of reliability and cost. For the real time control, the Fuzzy controller is implemented into SIMULINK program. This program is compiled in C language through Real Time Workshop toolbox on MATLAB and Real Time Interface (dSpace products) and loaded to the real time data acquisition board (CPU) to run the closed loop control.
Experimental Results
A 3x 3 m shake table is used to excite the 5- storey model using 10% and 40% intensities of the 1994 Northridge and the 1968 Hachinohe earthquake records, respectively, as shown in Fig. 7 . This is due to limitations of the actuator velocity of 1.6 m/sec and the 5-storey model allowable maximum displacement of 25 mm. The benchmark model responses for the controlled and uncontrolled models are measured and a comparison between the controlled and the uncontrolled responses is made to check the performance of the Fuzzy controller. Table 3 shows the results of the controlled and uncontrolled responses for displacement and acceleration of levels 4 and 5 under Hachinohe earthquake record. Maximum, minimum, peak to peak and RMS responses as well as the peak to peak and RMS 
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- The results also show the ability of the Fuzzy controller to reduce the peak to peak acceleration responses for the Hachinohe earthquake by 11.5% and 25.9% for levels 4 and 5, respectively, and the RMS acceleration responses by 33% and 37.3% for levels 4 and 5, respectively. For Northridge earthquake, the peak to peak acceleration response is slightly increased for level 5 and is steady for level 4. Meanwhile, the Fuzzy controller has the ability to reduce the RMS acceleration responses by 37.8% and 43.5% for levels 4 and 5, respectively. I' : Figure 10 shows the required control force and valve command to achieve the control goal for Hachinohe earthquake.
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L5 Acceleration with Control
For Northridge earthquake, the time history responses of level 5 displacement and acceleration for the controlled and uncontrolled responses are shown in Figs. 11 and 12 , respectively, and Fig. 13 shows the required control force and valve command.
The maximum control force required for Hachinohe and Northridge earthquakes are 1.918 and 1.923 kN, respectively, and the RMS control force are 0.25 and 0.18 kN, respectively. The maximum control forces cited above correspond to control force-building weight ratio of about 12%. The results of the experimental tests reported in this paper show the potential of using the Fuzzy controller for the active structural control with all the advantages of the Fuzzy controller and will allow Fig. 13 Time histories of the required control force and valve command for Northridge earthquake further improvements in the design of the controller to achieve better results.
Conclusion
The paper reported the experimental tests conducted on UTS S-storey benchmark model using an AMD system, where the control action is achieved by using FLC, and UTS state-of-the-art shake table facility. The performance of the Fuzzy controller was checked against Hachinohe 1968, and Northridge 1994 earthquake records, as input excitation to the benchmark model with intensities equal to 40% and 10% of the original intensities, respectively, due to limitations of the actuator velocity and the maximum allowable 5-storey model displacement.
The Fuzzy controller was implemented into 853 SIMULINK program. This program was compiled in C language through Real Time Workshop toolbox on MA TLAB and Real Time Interface (dSpace products) and loaded to the real time data acquisition board (CPU) to run the closed loop control. The results show the ability of the Fuzzy controller to reduce the peak displacement responses by up to 40% and 33% and the RMS responses by up to 40% and 47% for Hachinohe and Northridge earthquakes, respectively. For the acceleration responses, the peak response was reduced by up to 26% and the RMS by up to 37% for Hachinohe earthquake. Meanwhile, the peak acceleration responses for Northridge earthquake were not reduced and at times slightly increased, but the RMS responses reduced by up to 47%.
The results of the experimental tests reported in this paper show the potential of using the Fuzzy controller for the active structural control with all the advantages of the Fuzzy controller and will allow further improvements in the design of the controller to achieve better results.
The next stage of this study will investigate necessary modifications to the Fuzzy controller by applying a learning technique.
